Abstract: The integration of information photonics and 3-D imaging systems for low-cost automated screening and characterization of biological specimen is presented. In particular, 3-D holographic imaging and computational models are described that provide potentially powerful tools for rapid noninvasive 3-D sensing, identification, and tracking of biological micro/nanoorganisms. Index Terms: Digital holography, 3-D microscopy, cell analysis, computational imaging, medical and biological imaging.
Traditionally, 3-D imaging, visualization, and displays have been investigated with broad applications in entertainment, manufacturing, medical diagnosis, robotics, defense, and security [1] , [2] . Recently, information photonics based 3-D imaging systems have been utilized for automated identification of unicellular microorganisms [3] [4] [5] . Low-cost, rapid and automated detection and identification of biological micro/nanoorganisms can play a central role in future point of care health solutions, environmental monitoring, food safety, early detection of pandemics, and combating biological terrorism [5] . Although morphologically simple and minute, biological micro/nanoorganisms exhibit complex machinery resulting in sophisticated behavior and interaction with their environment. These properties make such organisms difficult to inspect and characterize with automated systems. Here, we overview some of recent advances in 3-D imaging systems integrated with information photonics for rapid, high-throughput sensing, visualization and identification of micro/ nanoorganisms [3] [4] [5] [6] [7] [8] .
Interface between information photonics and 3-D imaging has been enabled by advances in sensors, sources, electronic hardware, and complex computational algorithms that can interpret the data provided by sensor for task-specific applications. In this capacity, computers are used to interpret sensor information according to physical laws governing the imaging system (e.g., diffraction), as well as performing various information processing algorithms for the desired task at hand (e.g., identification). Digital Holographic Microscopy is one such system in which digital holograms are processed by computer to recover specimen information in 3-D [9] [10] [11] .
Microorganisms are usually semitransparent resulting in low contrast when imaged with conventional bright-field microscopes. It is thus a common practice to stain the cells or label them with fluorescent markers to image them in detail. This process is invasive for cells and can adversely affect their viability or disturb their natural life cycle, which can be undesirable for certain studies where noninvasiveness is required, e.g., stem-cell screening. Although semitransparency of microorganisms results in low contrast in intensity-based imaging techniques, the phase of the light can be significantly modulated by these specimen due to sensitivity of phase of light to refractive index variation inside the organism [9] , [10] . Hence, complex amplitude wavefront modulated by the specimen contains a rich data set for quantitative characterization and recognition of micro/ nanoorganisms [3] .
Among various 3-D microscopy techniques [12] , digital holography (DH) captures the complex amplitude of the object wavefront interferometrically in a coherent optical system. The four components recorded by a sensor are [13] 
in which R and O denote the plane reference wave and the object wave, respectively. The recorded holograms convey the information of intricate interactions of incident light with the specimen in 3-D. Digital holograms can be used to computationally reconstruct the in-focus images of microorganisms at different depths with no mechanical scanning, hence extending the depth of field of the imaging system (e.g., microscope objective) [3] , [13] , [14] . For dynamic objects, single exposure DH microscopy has been adapted to biological imaging in on-axis and off-axis configurations [3] , [9] [10] [11] . Off-axis configuration allows for quantitative phase measurement by separating real and conjugate terms [see eq. (1)] in expense of larger requirements on the space-bandwidth product of the sensor [14] . Nevertheless, it has been shown [3] , [6] .
that crosstalk between real and conjugate terms are bound to low spatial frequencies in Fresnel on-axis DH [14] .
In certain applications where recognition of semitransparent micro/nanoorganisms is the primary objective, the two arms of an on-axis interferometer can collapse into a single path in Gabor geometry as shown in Fig. 1 . The ballistic photons that pass through the specimen (and its surrounding medium) without any scattering provide the necessary reference wavefront for interferometery. In this configuration, the system can be drastically simplified and built with lowcost components. In particular, in Gabor geometry, the laser can be replaced with inexpensive, spatially incoherent and temporally quasi-coherent LEDs [8] , [15] , [16] . The coherence length of a typical 600-nm (red) LED of 25-nm bandwidth is 15 m, thus reducing the speckle noise while retaining the sought-after information about the specimen, within the coherence length, at the hologram plane (see Fig. 1 ) [8] . After recording the hologram, a number of methods can be used for computational reconstruction including Fresnel transformation, convolution, and angular spectrum approaches [13] .
Involvement of computational algorithms can be extended further into task-specific decisionmaking process based on information rich digital holograms of the specimen. It has been shown that digital holograms can be used for recognition and classification of macro objects [17] and biological micro/nanoorganisms [3] [4] [5] , as well as for tracking them in 3-D [7] . In [3] it has been shown that statistical hypothesis testing can be applied to distinguish between different classes of microorganisms. By applying Gabor transformation and filtering at computationally reconstructed image plane, one can selectively target specific features of recorded diffraction patterns that are mostly discriminating between different classes of microorganisms. Fig. 1(c) and (d) illustrates how Gabor transformation can help in separating nontraining true class from false class on plant stem cells as a model. In summary, 3-D holographic imaging and information photonics provide a potentially powerful tool for low-cost 3-D sensing, visualization, and rapid identification of biological micro/nanoorganisms. The applications range from detection of diseased cells, marker-less cell sorting and pathogen identification, among others.
